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With an ever-expanding demand for data storage, transduc-
ers, and microelectromechanical (MEMS) systems applica-
tions, materials with superior ferroelectric and piezoelectric
responses are of great interest. The lead zirconate titanate
(PZT) family of materials has served as the cornerstone for
such applications up until now. A critical drawback of this ma-
terial, however, is the presence of lead and the recent con-
cerns about the toxicity of lead-containing devices. Recently,
the lead-free ferroelectric BiFeO3 (BFO) has attracted a great
deal of attention because of its superior thin-film ferroelectric
properties,[1,2] which are comparable to those of the tetrago-
nal, Ti-rich PZT system; therefore, BFO provides an alternate
choice as a “green” ferro/piezoelectric material. Another ad-
vantage of BFO is its high ferroelectric Curie temperature
(Tc = 850 °C in single crystals),
[3,4] which enables it to be used
reliably at high temperatures. The ferroelectric domain struc-
ture of epitaxial BFO films are typically discussed in the con-
text of the crystallographic model of Kubel and Schmid;[5]
however, by suppressing other structural variants in BFO, we
can obtain periodic domain structures that may open addi-
tional application opportunities for this material.
Ferroelectrics with periodic domain structures are of great
interest for applications in photonic devices[6] and nanoli-
thography.[7] Such a periodic polarization could be obtained
by applying an external electric field while utilizing lithogra-
phically defined electrodes or by a direct writing process.[8,9]
To obtain sub-micrometer feature sizes, however, domain en-
gineering using a scanning force microscope with an appro-
priate bias voltage must be used to fabricate the patterned
domain structures.[10] Unfortunately, this method works only
on small areas and is limited by its slow scanning rate. Theo-
retical models predict the feasibility of controlling the do-
main architecture in thin films through suitable control over
the heteroepitaxial constraints.[11] In the case of BFO thin
films, we have found that such a control is indeed possible,
mainly through control over the growth of the underlying
SrRuO3 electrode. Using this approach, we demonstrate the
growth of highly ordered 1D ferroelectric domains in 120 nm
thick BFO films.
On the (001)C perovskite surface there are eight possible
ferroelectric polarization directions corresponding to four
structural variants of the rhombohedral ferroelectric thin film.
(For simplicity, the c and o subscripts refer to the pseudocubic
structures for BFO and orthorhombic structures of SrRuO3
(SRO) and DyScO3(110)O (DSO), respectively.) Domain pat-
terns can develop with either {100}C or {101}C boundaries for
(001)C-oriented rhombohedral films.
[12] In both cases, the indi-
vidual domains in the patterns are energetically degenerate
and thus equal-width stripe patterns are theoretically pre-
dicted. When the spontaneous polarization is included in the
analysis, the {100}C boundary patterns have no normal compo-
nent of the net polarization, whereas the {101}C boundary
patterns correspond to the fully poled state. The formation of
domain patterns leads to the release of elastic energy at the
expense of increased interfacial energy associated with the
domain boundaries. Therefore, four possible polarization var-
iants still exist when one examines large areas of the sample.
If control over the ferroelectric domain structure is desired,
one has to recourse to other approaches. In our work, we have
used the constraints imposed by heteroepitaxy as well as film-
growth mechanisms, shown in Figure 1a, to create long-range
order in the domain structure of BFO. First, we use the fact
that on the (110)O surface the DSO lattice is extremely closely
matched to that of SRO.[13] Further, the small structural an-
isotropy in DSO is used to pin the structure of the SRO layer
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such that a single-domain variant of the SRO is formed under
appropriate growth conditions.
The ferroelectric domain structure of an epitaxial BFO film
has been modeled using the phase-field method,[14] in which
the spatial distribution of the polarization field and its evolu-
tion is described by the time-dependent Ginzburg–Landau
(TDGL) equations.[15] The domain-wall energy, electrostatic
energy, and elastic energy contributions to the total energy
are incorporated. A short-circuit elec-
trostatic boundary condition is assumed
on both the top surface and the film/
electrode interface. The in-plane (IP)
lattice parameters are constrained by
the underlying (110)O DyScO3 substrate
with a strain e11 = –0.0035, e

22 = –0.0048,
and e12 = 0. To predict the domain struc-
ture without assuming, as a priori, the
domain-wall orientations, we started
with a paraelectric state plus small ran-
dom perturbations and annealed the
system at room temperature. The do-
main structure of the film obtained
from such a simulation is shown in Fig-
ure 1b. It consists of two polarization
variants of the rhombohedral phase
with downward net polarization. From
mechanical compatibility arguments be-
tween two variants of a rhombohedral
crystal in a 3D bulk system, the domain
wall should be parallel to the {101}C
plane which is approximately 45° from
the film/substrate interface.[12] How-
ever, our phase-field simulations demonstrate that
the domain-wall orientation is a result of the com-
petition between the domain-wall energy and elas-
tic strain energy associated with the domain struc-
ture, which leads to a domain-wall surface angle a.
The electrostatic energy has no effect on the angle
a, since the charge-compatibility condition is ful-
filled for any a. (The domain wall is parallel to the
<100>C direction.) Our phase field calculations
show that this angle can change as a function of the
domain-wall energy, the film thickness, and the
resultant accommodation of misfit in the film; the
details of these calculations are the focus of a sepa-
rate paper.[16]
The structural domains in SRO[17] and the result-
ing BFO domain configuration depends strongly
on the substrate vicinal angle and the growth
mechanisms. As the SRO growth rate is progres-
sively increased, it is commonly observed that the
growth mode changes from step flow to step
bunching and finally to island formation.[18] Based
on these observations, careful growth-rate-con-
trolled experiments were performed to enable the
observation of these three growth mechanisms in
the SRO layer. The morphology of the SRO films grown by
the step-bunching mechanism is shown in Figure 2a. Step
bunching can be identified through the formation of unit-cell-
high bunched steps, shown by arrows. The presence of circular
multiterraces associated with each nucleus suggests that sec-
ondary nucleation is taking place on the surface of the
bunched steps, which subsequently leads to a multidomain
structure in the SRO layer (as shown in Fig. 3). BFO films
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Figure 1. a) Schematic of the BFO/SRO/DSO heterostructure and b) domain struc-
ture of BFO film obtained from phase-field simulations. c) The cross-sectional mor-
phology of the films with periodical domain structure.
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Figure 2. Atomic force microscopy (AFM) images of SRO films grown by a) a step-bunching mech-
anism and c) a step-flow mechanism. AFM images of BFO films sequentially grown on SRO films
by b) step bunching and d) step flow. e,f) Section analysis along the line drawn in (b) and (d), re-
spectively.
grown on such SRO surfaces follow the SRO topography, as
illustrated in Figure 2b. The atomic force microscopy (AFM)
section analysis (Fig. 2e) shows that the bunched step height
is about 20 Å; the corresponding ferroelectric domain infor-
mation is shown in Figure 4b. When the growth
rate is slowed down, however, the SRO film shows
a periodic step pattern with well-aligned steps, in-
dicating that step flow growth has occurred
(Fig. 2c). BFO films grown on these SRO surfaces
likewise mimic the topography of the underlying
SRO films (Fig. 2d). Due to the coherent growth,
the film surface shows large terraces, roughly
200 nm in diameter, that are atomically flat and
separated by small steps varying between half and
one unit cell in height (Fig. 2f); the corresponding
ferroelectric domain information is shown in Fig-
ure 4d. The film surface, therefore, is extremely
smooth with a root-mean-square (rms) roughness
of 2.7 Å over a 5 lm×5 lm scan area.
The crystallographic orientation relationships, as
well as the correlation between the domains in
SRO and BFO, were examined using transmission
electron microscopy (TEM). The 1D periodic do-
main structure was investigated looking down the
[001]C zone axis. Figure 3a shows a typical plan-
view bright-field image of the film and correspond-
ing electron diffraction pattern (EDP) (Fig. 3c)
along the [110]O zone axis of DSO. A striplike par-
allel domain structure aligned along the [010]C di-
rection was observed. Each domain has an average
width of approximately 200 nm. The IP lattice parameters
were calculated as 3.956 and 3.944 Å in a magnified quadrant
of the EDP (Fig. 3c). The smaller IP lattice parameter per-
pendicular to the strip domain corresponds to the smaller lat-
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Figure 3. Typical plan-view bright-field image of BFO films with a) periodic domain
structure and b) multidomain structure. Corresponding c) plane-view and d) cross-
sectional electron diffraction patterns (EDPs) of BFO films with periodical domain.
Corresponding e) cross-sectional EDP and f) microdiffraction patterns of BFO films
with multidomain structure.
Figure 4. a) Large-area (30 lm×30 lm) in-plane piezoforce microscopy (IP-PFM) image of BFO films with multidomain structure and b) the corre-
sponding IP-PFM images of Figure 2c; c) large-area (30 lm×30 lm) IP-PFM image of BFO films with periodical domain structure and d) the corre-
sponding IP-PFM images of Figure 2d. The arrows represent the directions of IP polarization components. e,f) ODPs obtained from the corresponding
PFM images (a) and (c), respectively.
tice parameter on SRO, revealing the role of heteroepitaxy.
The spot splitting in the selected-area electron diffraction
(SAD) pattern reveals a misorientation of approximately 1.1°
between two adjacent domains. For a rhombohedrally dis-
torted BFO structure, the spontaneous distortion angle, a, is
89.4°,[5] which means the misorientation angle is 1.2° for a 71°
rotation of the polarization direction between adjacent stripe
domains; this is consistent with the misorientation angle mea-
sured from the SAD patterns. The cross-sectional morphology
of the films confirms the domain width and the direction of
the domain boundary, which is in agreement with theoretical
calculations (Fig. 1c). In contrast, the BFO films grown on
SRO layers with multiple structural domains show a 2D hatch
of ferroelectric domains. Figure 3b shows the plane-view
bright-field image for one such sample, which confirms the
multidomain structure imaged in piezoforce microscopy im-
ages. The domain boundaries show traces along the [100]C
and [010]C crystallographic directions.
The cross-sectional EDP of the 1D periodic structure is
shown in Figure 3d. It is worth noting that SRO exhibits
monodomain structure in this film since there are no extra dif-
fraction spots besides the ones recorded from the [1¯10]O zone
axis. In contrast, the samples in which the SRO was grown via
the step-bunching mechanism showed two sets of SRO struc-
tural domains, as identified by the EDPs in Figure 3e. Further
confirmation is obtained from electron microdiffraction pat-
terns obtained from each of these structural domains and
shown in Figure 3f. These microdiffraction patterns can be
uniquely indexed to be the [001]O and [11¯0]O zone axes of
SRO.
Piezoforce microscopy (PFM) images reflect the dramatic
differences in structure shown in Figures 2 and 3. IP-PFM im-
ages of the BFO films grown on the multidomain
SRO films (Fig. 4b), taken with the cantilever
along the <110>C direction, show two orthogonal
sets of domains. The three contrasts seen in the IP-
PFM images acquired along two orthogonal
<110>C directions, together with the uniform out-
of-plane (OP) PFM contrast, tell us that BFO’s do-
main structure is characterized by four polarization
variants.[19] The large-area scan shown in Figure 4a
proves that this periodic array of domains is a
stable configuration over large length scales. In
contrast, for BFO films grown on SRO films exhib-
iting the step-flow growth mode, the IP-PFM scans,
taken along any <110>C direction, show only two
contrasts over large areas (Fig. 4c) in a stripe con-
figuration (Fig. 4d). PFM images obtained from
various parts of the same sample reveal images
with the same stripe orientation, further suggesting
that this pattern likely extends over the whole sam-
ple and corresponds to two downward directed po-
larization variants that are 71° apart. We empha-
size here that the substrate terrace structure, which
typically lies along the [001]O direction, is different
from the direction of the stripe domains. This result is in
agreement with the stable configuration predicted for a
(001)C oriented rhombohedral ferroelectric film. Optical dif-
fraction patterns (ODPs) obtained from these PFM images,
Figure 4e and f, yield an average stripe-domain width of ap-
proximately 200 nm. They also reflect the symmetry of the
domains in the two types of films; in the stripe-domained sam-
ple, only one set of diffraction spots is observed, while the film
with two sets of stripes shows two orthogonal sets of diffrac-
tion spots. The ODPs also reveal sharp diffraction maxima,
suggesting a strong degree of coherence normal to the stripes.
Such 1D periodic structure reflects on the high quality of
these BFO films. The macroscopic electrical polarization–
field (P–E) hysteresis loops with different measuring fre-
quency of the BFO films are shown in Figure 5a, showing
sharp, square loops and yield a 2Pr (Pr: remanent polariza-
tion) value of 120 lCcm–2. Sharp ferroelectric loops can be
obtained even at a low frequency of 200 Hz and leakage mea-
surements indicate low leakage levels (< 10–7 A) at 10 V
(Fig. 5b). It is also interesting to explore the reversibility of
such a 1D stripe-domain structure when the domain structure
is switched with electric fields. Preliminary work in this direc-
tion, shown in Figure 5c and d, suggests that this may indeed
be possible. Application of alternate +6 V/–6 V DC voltages
switches the IP and OP components of the polarization. The
OP component reverses contrast from bright to dark and
therefore does not reveal critical information. The IP images,
on the other hand, clearly show that the stripe nature is main-
tained, although the stripe spacing appears to be doubled.
In conclusion, we have demonstrated self-oriented ferro-
electric domains in BFO films with 1D periodic structure on
the order of 200 nm. By careful control of the growth mecha-
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Figure 5. a) The macroscopic electrical P–E hysteresis loops with different measuring
frequency, and b) leakage current and resistivity versus applied voltage of the BFO
films. IP-PFM images of alternate c) –6 V and d) +6 V DC voltages.
nism for the SRO layer, the IP lattice parameters of SRO
films are pinned by DSO substrate to create the 1D periodic
domain structure.
Experimental
In order to facilitate high-quality heteroepitaxy, we have used sin-
gle-crystalline DSO substrates. In addition to providing the appropri-
ate perovskite template, DSO is very closely lattice matched to the or-
thorhombic structure of SRO (Fig. 1a). Epitaxially grown films of
SRO with thicknesses of 40 nm were used as bottom electrodes be-
cause of its close lattice match with both BFO and DSO. The crystal-
linity of the BFO/SRO/DSO films was studied using TEM (CM200
FEG operating at 200 kV and JEOL 3010 operating at 300 kV). The
morphology and local piezoelectric properties of these heterostruc-
tures were investigated using an atomic force microscope based setup
[19], which was performed in a DI Multimode atomic force micro-
scope. Pt top electrodes (32 lm in diameter) were patterned to mea-
sure the ferroelectric properties with an RT-6000 ferroelectric testing
station.
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